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I. INTRODUCTION 

Coherence of electrons propagating along the edge 
channels of a 2DEG has been demonstrated a few 
years ago in electronic Mach-Zehnder interferometry 
experimenlli]. This breakthrough has triggered a re- 
markable thread of experiment aP^^^l and theoretical 
studie^^Jl^. Recently, the successive partitioning of single 
electron and single hole excitations emitted by a meso- 
scopic capacitor- u sing an electronic Hanbury Brown 
and Twiss setu^JSEH has been demonstratecP^. This 
opens the way to quantitative studies of decoherence 
and relaxation of single electron excitations in electronic 
systemJi^, 

For example, on demand single electron sourc^^^EHIini 
in quantum Hall edge channels or in other non-chiral 
systemJsSHSl could be used to study the problem of quasi 
particle relaxation originally considered by Landau in the 
Fermi liquid theorjPSlMl g^jj^j^ recently solved non pcrtur- 
batively in integer quantum Hall edge channels^''^. How- 
ever, considering other types of coherent single electron 
excitations less sensitive to decoherence and simpler to 
generate is certainly of great interest for the field. 

Levitov, Ivanov, Lee and Lesovik^^^^, have proposed 
a way to generate clean current pulses carrying single to 
few coherent electron excitations. Elaborating over these 
pioneering works. Keeling, Klich and Levitov^^ have ex- 
tended this to the case of fractional excitations in FQHE 
and Tomonaga-Luttinger liquids. Contrary to the exci- 
tations generated by the mesoscopic capacitoili^, these 
few electron pulses are time resolved instead of being en- 
ergy resolved. Moreover, pulses that carry more than 



an elementary charge inject a coherent wave packet of n 
electrons. This opens the way to entangle several elec- 
trons and to probe the full counting statistics^ with a 
finite number of particles'^^. 

In this paper, we show that these electron pulses 
are very convenient probes of fractionalizatiorP2l induced 
by electron/electron interactions in quantum Hall edge 
channels. To reach this conclusion, we have studied their 
decoherence and relaxation due to electron/electron in- 
teractions in a system of copropagating edge channels 
at filling fraction v = 2 recently used to study energy 
relaxatior|22ii25) ^^j^is system, neutral/charged mode 
separatiorPsl leads to fractionalization of a Lorentzian 
pulse propagating within one of the edge channel into two 
components. As in the case of non chiral ID systemJ^lHlSl^ 
each of the two resulting pulses carries a fraction of the 
charge directly related to the interaction strength. 

In a recent worli^, Neder has proposed to detect 
a signature of fractionalization of a continuous flow of 
electrons in the shot noise which is known to count 
the number of all excitations (electrons and holes) 
when the puls es are partitioned at an electronic beam 
splittep2SHlH21. In this paper, we propose to study the 
phenomenon of fractionalization at the single excitation 
level using Lorentzian pulses and we discuss the condi- 
tions of its observability as well as the information that 
could be extracted from noise measurements. 

The experimental setup we propose combines a 
Lorentzian pulse source with an electronic Hanbury 
Brown and Twiss (HBT) interferometer. With our de- 
sign, current noise and high frequency admittance mea- 
surements could then be combined into quantitative 
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tests of the description of fractionahzation in terms of 
edge magnetoplasmon scattering, recentl y d irectly mea- 
sured in a = 2 edge channel systercPSlj and which 
plays a role in elect ronic relaxation in quantum Hall 

edge channeld^^^ as well as decoherence in MZI 
interferometerJS'2145|_ 

In this perspective, we present predictions for the 
interaction induced electron/hole pair production for 
Lorentzian and rectangular pulses. In the case of 
(screened) short range interactions, we predict strobo- 
scopic decoherence and revivals of Lorentzian and rect- 
angular pulses as a function of copropagation length. We 
identify clear signatures of fractionahzation in the be- 
havior of electron/hole production as a function of the 
amplitude of the pulses and of the copropagation dis- 
tance. Taking into account finite temperature, we show 
that these signatures could be observed in realistic exper- 
iments. However, in the case of long range interactions, 
we show that the signature of fractionahzation disappears 
due to the dispersion of the edge magnetoplasmon eigen- 
modes. 



This paper is structured as follows: in section |TTj we 
briefly discuss the single electron coherence generated 
by a periodic source of voltage pulses. Then, in sec- 
tion |III[ we show how to describe the effect of elec- 
tron/electron interactions on these pulses by combining 
bosonization with the Floquet scattering theory. This 
leads us to quantitative predictions for interaction in- 



duced electron/hole pair production in section IV 



II. 



GENERATING AND CHARACTERIZING 
SINGLE ELECTRON PULSES 



A. Voltage pulse generated states 



Pure electronic excitations can be created into a 
chiral edge channel without exciting any electron/hole 
pair b y app lying suitable voltage pulses to an Ohmic 
contaclpS122l. Since the average current {i{t)) injected into 
a single chiral edge channel by a time dependent drive 
V{t) applied to an Ohmic contact is {i{t)) = {e'^/h)V{t), 
the voltage drive must satisfy the quantization condition 
such that e / V{t) dt be a multiple of h: the average emit- 
ted charge J {i{t)) dt is then a multiple of the elementary 
charge — e. 



But this quantization condition is not sufficient: an im- 
portant result by Levitov, Lee and Lesovik^ states that 
in order to generate a state involving pure electronic ex- 
citations, the voltage drive V{t) must be a sum of ele- 
mentary Lorentzian pulses carrying exactly one electron. 



The integer charge Lorentzian pulse as a Slater 
determinant 



Let us start by considering a single Lorentzian voltage 
pulse centered at time t — such that — e / V{t)dt = ah 
where in this paragraph, a is a positive integer n: 



V{t) 



2ah tq 



e t:^ + r2 
where tq is the duration of the pulse. 



(1) 



The appropriate way to characterize single electron co- 
herence in a many body system is to cons ider t he two 
particle Green's function at a given positiorP^EB 



g^-^\t,t') ^ {^^H^,t>{x,t)) 



(2) 



where the bracket denotes a quantum average in the 
presence of the electronic sources. This function plays 
the same role as the first order coherence in quantum 
OptiCiP. This single electron coherence characterizes the 
electronic quantum coherence at the single particle level: 
in the absence of interactions, the outcoming current 
from an electronic Mach-Zenhder interferometer (MZI) 
can indeed be expressed in terms of the incoming single 
electron coherenc^^SllIl_ Exactly as in quantum optic^^, 
Hanbury Brown and Twiss interferometry provides a way 
to reconstruct the single electron coherence from current 
noise measurementpS or, at least, to compare excitations 
of quantum states emitted by two different source^^ via 
an Hong Ou Mandel type experiment. 

Being submitted to this voltage drive within the Ohmic 
contact, each electron accumulates an electric phase 
which then appears in the temporal coherence properties 
of electrons emitted by the Ohmic contact. In the pres- 
ence of a general time dependent external drive V{t), the 
single electron coherence of electrons Q^'^\t,t') is given 
by 



g<^'\t,t') = ex^p 



5i'Ht,t'). (3) 



where gjf^ denotes the single electron coherence for the 
edge channel at chemical potential /i. For the Lorentzian 
pulse carrying n electrons, eq. ([s]) becomes: 

At zero temperature, the contribution A^Q'^'^'^ — Q'^'^'> — 

(e) 

Qfi of the pulse to single electron coherence, expressed 
in the frequency domain, is given by: 

VFA^,g^''\uj+,uj_) = 47rToe(w+)e(a;_)e-('^++'^-)^° 

n-l 

X ^ Lfe(2w+To)Lfe(2w_To) (5) 

fc=0 
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where uj± are respectively conjugate to t and t' and Lk 
denotes the fcth Laguerre polynomial. The vanishing of 
A^CJ*^'^-' (w^, ti;_) when either uij^ or w_ is negative sig- 
nals the absence of hole excitations in this n-electron 
Lorentzian pulse. 

In fact, expression (|5| is nothing but the single electron 
coherence for a many body state obtained by n electrons 
in a Slater determinant built from an orthonormal family 
or n positive energy states on top of the Fermi sea at 
chemical potential /i. More precisely, denoting by {(pk)k 
these n wave functions. Wick's theorem directly implies 
that the single electron coherence of the many body state 



(6) 



fc=i 



obtained by adding n electrons in the n single particle 
states ifi, . . . , Lpn is given in the space domain by 

n 

Q^'\x,y) = gl'\x,y) + Y.Vu{x)My)* ■ (7) 
fc=i 

Since, for a many body state generated from \F^) by the 
application of an external time dependent voltage drive, 
single electron coherence determines all the electronic 
correlation functions, this shows that the many body 
state generated by the n-electron pulse ([T]) is obtained 
by adding on top of the Fermi sea the n normed and mu- 
tually orthogonal wavepackets which are (0 < fc < n — 1): 



/2^beHe-"^"Lfe_i(2c^ro). 



(8) 



Consequently, the n-particle wavefunction describing the 
added electrons is a Slater determinant built from the 
wavefunctions Lp^^°'^ < k < n). Let us mention that 
this result can also be reached by considering the algebra 
of operators associated with the creation of a single a — 
1 Lorentzian pulse along the lines followed by Keeling, 
Klich and IjeYiio^. 



2. Floquet approach to a periodic trains of pulses 

Because single shot detection of single electron exci- 
tations is not available today, we have to resort on sta- 
tistical measurements to characterize these excitations. 
Therefore, in practice, we shall consider a periodic source 
delivering an infinite train of periodically spaced pulses: 



+ 00 



(9) 



where Vp{t) denotes a single pulse. As discussed iiP^I^ a 
periodic source can be used to generate a train of pulses 
carrying a non integer charge since the amplitude of the 
voltage drive can be varied continuously. In this case, 
each pulse can no longer be viewed as obtained from the 
Fermi sea by adding only electron or hole excitations. On 



the contrary, it should be understood as a collective exci- 
tation of the electronic fluid that contains both electron 
and hole excitations. 

Since the voltage drive (|9| is T-periodic, the single 
particle coherence ([3]) is also T-periodic. Considering 
Vac(i) = yit) — ahf/e the AC part of the voltage drive, 
the associated phase accumulated in the time interval 
[0, t] is periodic and can thus be decomposed in a Fourier 
series: 



exp (^j- J Kc(t) dr 



+ 00 

E 

1 — — 00 



-27ri/;t 



(10) 



As discussed in our previous work**^, the Fourier coeffi- 
cients C;[Vac] are the Floquet scattering amplitude^^^IHl 
for electrons: for I > 0, C;[Vac] is the amplitude for a 
free electron to absorb n photons of energy hf whereas 
for Z < it is the amplitude for a free electron to emit n 
photons. Finally, Co[Vac] is the amplitude for the electron 
not to absorb nor emit any photon. Note that the proba- 
bilities for photo assisted transitions P/[Vac] = IQiKiclP 
sum to unity: J2i PiiVac] = 1- 

Using these Floquet amplitudes, the single electron co- 
herence can then be decomposed a^^ 

g^''^ {t, t')= / gi-) (c^) e— (*-*') 1^ . 

n— — oo 

Equations ^ and ^ then lead tcPl 

4-00 



l—~oo 

(12) 

where /p,Tci denotes the Fermi distribution at chemical 
potential p. ^ ii + ahf and electronic temperature T^. 
This shift arises from the dc component of the voltage 
V{t). Eq. (12) expresses that the single electron coher- 
ence is built by summing the photo-generated single par- 
ticle coherence over all independent electrons belonging 
to the shifted Fermi sea. 

The nature of single particle excitations contained 
within the pulse train can be read from the g^'^^ in the 
frequency domain where it is a function of the two angu- 
lar frequencies uj^ and w_ respectively conjugated to t 
and t'. For a periodic source, gn\^) defined by (11) de- 
scribes the single electron coherence for ijj± = uj ± nnf: 
the contribution of electronic excitations (with respect 
to fj, = 0) comes from uj > 7r/|n| whereas the contri- 
bution from hole excitations comes from uj < —Trf\n\. 
Contributions to t?'^'^' in the two quadrants |a;| < 7r/|n| 
corresponding to a;+a;_ < stem from electron hole 
coherence^^ and can be shown to be responsible for 
a positive peak in current correlations in an Hong-Ou- 
Mandel collision experiment!^. 

In the frequency domain, the diagonal part g^g'^\u)) 
of the single electron coherence is nothing but the elec- 
tron distribution function. For a periodic train of voltage 
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pulses, it can be expressed in terms of the photo-assisted 
transition probabiUtie^^ 



(a) 



lo) 



+00 



Mlo) = vfO^o^Hlu) = J2 Pi[V.c]ff..TjLo-27rlf) (13) 



As we will see in section III eq. ( 12 1 and ( 13 ) can also be 



used to compute this quantity in the presence of electron- 
electron interactions. But before discussing interaction 
effects, lets us introduce the voltage drives considered in 
the present paper. 



3. Lorentzian and rectangular pulse trains 

These expressions are valid for any periodic voltage 
drive and, as in our recent papeil^, three examples will 
be considered here: the sine periodic drive and periodic 
trains of Lorentzian and rectangular pulses. These volt- 
age drives are always decomposed into a dc part Vdc and 
an ac component. The amplitude of the ac component 
is directly related to the amplitude of the dc part which 
determines the average charge injected per period —ae. 

For the sine voltage, V{t) = Vdc(l — cos {2-Kft)) where 
Vdc = —ahf/e. The photo-assisted transition ampli- 
tudes have the well known expressioiP^ C„ = J„(a). 
The resulting excess single electron coherence AC/''^) in 
the frequency domain is depicted on graph (a) of fig- 
ure [1] As expected, it is located close to the Fermi sur- 
face and includes both electron and hole contributions as 
well as electron/hole coherences. Note that the photo- 
emission and photo-absorption probabilities are equal 
since the sine drive is symmetric with respect to its av- 
erage V{t + T/2) + V{t) = Vdc- This is clearly not the 
case for the two other families of pulses considered here. 

For each of these two families, the physics depends on 
two parameters: the injected charge a in units of — e and 
/tq which characterizes the compacity of the pulse train, 
i.e. the size of each pulse compared to their spacing. 
The physics of well individualized pulses is best probed 
at low compacitji^ /tq ^ 1 whereas at high compacity, 
a shifted Fermi sea is recovered due to the Pauli exclu- 
sion principle. To illustrate this regimes, many numerical 
results will be presented for /tq — 0.01 to shed light on 
the physics at the level of a single pulse. 

In realistic experiments, typical values of tq are of 
the order of 40 ps and the drive frequency is typically 
/ = 5 GHz thus leading to /tq ~ 0.2. Then a 50 mK 
electronic temperature corresponds to ksTei/hf ~ 0.2. 
Reaching lower values of tq and higher frequency drives 
so that ksTci/hf would be more favorable at fixed /tq 
would require the use of optical technique^^. Conse- 
quently, when discussing the observability of fractional- 
ization, we will choose /tq = 0.1, a value within reach of 
current technologies. 

As discussed in our recent papeil^, in the low /tq 
regime and at zero temperature, both Lorentzian and 
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FIG. 1: (Color online) Modulus of the excess single electron 
coherence in the frequency domain for various pulses at zero 
temperature and a = 1: (a) sinusoidal drive (b) Lorentzian 
drive /ro = 0.01 (c) rectangular drive with /tq = 0.01. Elec- 
tronic (reps, hole) excitations are located in the lo > n\n\f 
(reps. uj < — 7r/|nj) quadrant whereas the off diagonal 
\iu\ < nf\n\ quadrants correspond to electron/hole coher- 



square pulses exhibit a minimal number of electron/hole 
pairs for all integer values of the charge a carried by each 
pulse. This seems to be the c ase for arbitrary waveforms 
as noticed by several authord^^l^. But in the case of 
the Lorenztian pulses, as predicted by Levitov, Lee and 
LesoviysS, the the number of hole (reps, electron) excita- 
tions vanishes for positive (reps, negative) integer values 
of a whereas for all other waveforms, it presents a non 
zero minimum. 

The difference in these behaviors reflects the presence 
of hole excitations for non-Lorentzian pulses for positive 
integer a. Figure [T] clearly shows the difference between 
a Lorentzian pulse with a = 1 (graph (b)) and a rect- 
angular pulse with the same a and /tq (graph (c)): the 
single electron coherence for the Lorentzian pulse is local- 
ized within the electron quadrant uj > 7r/|n| whereas, for 
rectangular pulses, hole excitations as well as electron- 
hole coherences are present. 

As can be seen from (13), this can be traced back 
to the properties of the Floquet amplitudes C;[T4c] for 
I + a < whose analytical expressions for a periodic 



train of Lorentzian and rectangular pulses are given in ap- 
pendix [A] These amplitudes vanish for Lorentzian pulses 
for positive integer a. As expected, the expression for 
the single electron coherence (12 1 shows that when the 



Floquet amplitudes C; [Vac] for / -I- a < vanish, the ex- 
cess single electron coherence due to the source has non 
zero contributions only in the electron quadrant*^: this 
reflects the purely electronic nature of the wave packets 
generated by the source in this case. For negative a the 
discussion goes along the same line with holes replacing 
the electrons. 



B. Counting electron and hole pairs 

1. Proposed experimental setup 

Let us now describe the experimental setup that we 
propose to study interaction induced electron/hole pair 
production using shot noise measurements in an Han- 
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bury Brown and Twiss interferometeJ^' ^^ l '^^ l The setup 
depicted on figure [2] consists of two quantum point con- 
tacts (QPC) located at botfi ends of a region wfiere 
two cliiral edge cliannels interact during their copropa- 
gation. Excitations are generated by driving the Ohmic 
contact (1) and noise and current measurement at leads 
(!') and (2') can be performed. In a previous work, we 
have proposed this setup to study interchannel frequency 
dependent energy transfer using finite frequency noise 
measurements^. But as we shall now explain, playing 
with the polarizations of both QPCs enables us to com- 
pare electron/hole production for different propagation 
distances and thus to study the effects of interactions on 
this quantity. This idea has also been recently used to 
measure edge magnetoplasmon scattering in a, v = 2 edge 
channel system"*^. 

To begin with, let us assume that the first QPC is 
polarized so that the inner edge channel is totally re- 
flected and the outer one partially transmitted whereas 
the second QPC is unpolarized so that both channels are 
transmitted. This performs an HBT experiment at the 
first QPC in order to characterize electronic excitations 
propagating in the outer edge channel right for a small 
copropagation distance I. 

Next, the first quantum point contact can also be po- 
larized to inject a periodic train of single electron pulses 
into the outer edge channel and an equilibrium state into 
the inner edge channel. When the second QPC is polar- 
ized to totally reflect the inner edge channel and to par- 
tition the outer one, an HBT experiment is performed 
on the outer edge channel after copropagation along the 
inner edge channel over a large distance. 

Note that in the setup proposed here, there are two 
easily accessible experimental controls. The flrst one is 
the amplitude of the pulse which determines the injected 
charge. The second one is the driving frequency of the 
source. In principle, one could also design a sample that 
allows copropagation over different distances / as i n the 
recent experiment by F. Pierre and his collaborator J^Sall 
Combining the use of an appropriate geometry with the 
variation of the drive frequency keeping the compacity 
/tq of the source constant within the limitations of the 
pulse generator, one could thus explore the (a, /) plane 
and study how electron/hole pair production depends on 
these two parameters. 

But before presenting our predictions concerning the 
effect of interactions, we shall now review how low fre- 
quency current noise in the HBT geometry is related to 
electron/hole pair production. 



2. Electron/hole pair production 

In an HBT experiment, the current noise in one of 
the outcoming channels of a quantum point contact is 




FIG. 2: (Color online) Hanbury-Brown Twiss setup for the 
V = 2 system: edge channels (1) and (2) interact between 
X — and x = I. The Ohmic contact 1 is driven by the T- 
periodic voltage (|9| whereas the Ohmic contact 2 is at a fixed 
chemical potential. One then measures the average and the 
low frequency noise of the current Ii' at contact 1'. Depend- 
ing on the polarizations of the two QPCs this setup performs 
an HBT experiment right after the source (1') or after excita- 
tions within the outer channel have co-propagated along the 
inner edge channel over a distance I. 

measured at low frequency: 

^JfP, - J {Iv{t + Tl2)Ir{t-T/2))' dT (14) 

where an average over t = {t + t')/2 has been taken. 
The outcoming current noise Slf\, contains contribu- 
tions of the incoming current noise from the two incom- 
ing channel and a contribution associated with two par- 
ticle interference effects. The latter can be expressed 
in terms of the single electron coherences of the two 
incoming channels^. At zero temperature, when the 
AC drive is switched off, S^f^, is still non zero because 
of the partition noise of electrons due to the DC bias 
Vdc = —ahf/e. It is thus convenient to consider the ex- 
cess noise AS^f^, — {Slf\,)a,c+dc — {Slf\,)dc due to the 
AC part of the voltage drive: this excess noise solely 
arises from the partitioning of electron and hole excita- 
tions associated with the AC voltage driv e. As discussed 
in the framework of photo-assisted nois^^^ElHsll g^j^j g^g 
we shall now briefly recall in the electron quantum op- 
tics language, this excess noise counts the electron/hole 
pair production. This procedure has originally been pro- 
posed by M. Vanevic, Y. V. Nazarov, and W. Belzig^ 
and discussed extensively in our previous worlP^l. 

Since an Ohmic contact driven by an AC voltage has 
the same current fluctuations as in the absence of AC 
drive (even at non zero temperature), the excess cur- 
rent noise AS^f^, due to the AC component of the drive 
voltage is given by the excess contribution arising from 
two particle interferences. Assuming that the QPC be- 
haves as an energy independent electronic beam splitter 
with reflexion and transmission probabilities TZ and T, 
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ASlf'^, /TZT is the overlap of the single electron and sin- 
gle hole excess coherences of the source due to the AC 
drive Ag['/''\t,t') = gi''/''\t,t') - ^^^^^(t.t') with the 

electron and hole coherences Q^^^^\t, t') emitted into the 
other incoming channel^ 



= [evpf j {Ag[''gp + Ag[''gP){t,t') d{t-t') 

(15) 

As shown in appendix [B] at vanishing temperature and 
for /X3' = fii this quantity is nothing but the average ex- 
cess number of excitations (electrons and holes) produced 
per period when the AC part of the drive is switched on. 
At non zero temperature, thermal electron and hole ex- 
citations in the second incoming channel antibunch with 
the electrons and hole excitations emitted by the source 
of pulses thus leading to a reduction of the nois^^ 



271 



+ 00 



tanh 



VFAg[''^o{uj)duj (16) 



where one recognizes the excess occupation number gen- 
erated by the ac drive: VFAg['^l{Lu) = /ac+dc('^) — 
/dc(w). Note that the excess noise reduction due to the 
tanh (/iw/fesTci) factor concerns electron and hole exci- 
tations emitted close to the chemical potential fj,i. 



Combining ( 16 ) with the electron distribution function 



( 13 1 leads to the following expression for the excess noise 
in terms of the photo-assisted transition probabilities^ 



+ 00 



ahj 



/ — — CXD 

a coth 



{l + a)hf^ 

(17) 



In the limit of vanishing temperature, the excess noise 
AS'I?'^?^ is given in terms of the average number of elec- 
tron and holes excitations N^. and iV/j emitted per period 
by the source: 



nr 
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= eV((^e + iV^)M- |«|) 



(18) 



Our previous worlP^ presents a detailed study of this 
quantity at zero temperature for various pulse shapes and 
in realistic temperature conditions. In the case of Loren- 
ztian pulses, the zero temperature excess noise vanishes 
when a is a positive (resp. negative) integer since the 
source then emits a electrons and no hole (resp. —a 
holes and no electron). For non integer values of a, we 
observe a non zero electron/hole pair production as ex- 
pected from the physic s of or thogonality catastrophe un- 
raveled by Levitov et aW^. 

In the next section, we will consider the effect of in- 
teractions on voltage pulses and see to what extent shot 



noise provides a way to study charge fractionalization. 
As we shall see now, expression (17) can still be used in 



presence of interactions provided the photo-assisted prob- 
abilities are computed from the appropriate AC voltage. 



III. DECOHERENCE AND RELAXATION 

A. Floquet approach to decoherence for a periodic 
train of pulses 

1. Edge magnetoplasmon scattering 

To deal with interactions, it is convenient to use the 
bosonization framework which describes all excitations 
of the ID chiral electronic fluid in terms of edge mag- 
netoplasmon modes 6(w) and 6^(cl>) (cj > 0) which are 
directly related to the finite frequency electrical current: 
> 0) = e^JZjb{u!). 

We then consider an interacting region where electrons 
within the edge channel experience electron/electron in- 
teractions or Coulomb interactions with other conduc- 
tors described as a linear environment. Due to linearity, 
interaction effects in this region lead to an elastic scat- 
tering between the edge magnetoplasmon modes and the 
environmental modes. These environmental modes pos- 
sibly include the edge magnetoplasmon modes of another 
edge channel in the case of a coupled v ^2 edge channel 
systerrpS as well as the electromagnetic modes of another 
mesoscopic conductoi^. Denoting by a{u}) and a' {uj) 
where w > the destruction and creation operators of 
these modes, the effect of interactions are described by a 
scattering matrix S'(w) such that: 



aout(w) 
&out(w) 



ain(w) 

6in(w) 



(19) 



As in quantum wired^^'^, the magnetoplasmon scat- 
tering ma trix is directly related to finite frequency 
admittancePSl Gee(w) = (eV/i)(l - St,i,{u)) where 
^^^(a;) connects fein(i^) to 6out(w). 

As a consequence, it is possible to access the edge 
magnetoplasmon scattering amplitudes through a finite 
frequency admittance measurement. In the case of the 
setup depicted on figure [2] such measurements can be 
performed by polarizing the first QPC so that it reflects 
both edge channels or only the inner one, thus giving ac- 
cess to finite frequency admittance ratios. Such a mea- 
surement has recently been performed^ and, for the first 
time, has lead to direct information on edge magneto- 
plasmon scattering which is used to discuss electronic 
decoh erence and relaxation in the v = 2 edge channel 
systenPalSl. 

Knowing the finite frequency admittance, we can de- 
termine how interactions alter a periodic train of pulses. 
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2. Floquet approach and interactions 

At zero temperature, a classical time dependent volt- 
age drive V{t) generates a coherent state for all magne- 
toplasmon modes above the shifted Fermi sea \F^^ahf)- 
Introducing the notation |[A(a;)]) for as coherent state 
characterized by the complex eigenvalues A(a;) for each 
6(w) for w > 0, and using the expression of the electric 
current in terms of b{uj) and as well as the cur- 

rent/voltage relation {i{t)) = {e'^/h)V{t), these parame- 
ters are related to the voltage drive by 



A(a.) = - 



eV{uj) 



(20) 



where V{uj) = J V{t)e'^^^dt. Thus, for a periodic train 
of pulses, only the modes at harmonic frequencies of the 
driving frequency / are excited. At zero temperature, 
the incoming state for the environmental modes is the 
vacuum state with respect to the environmental modes 
which we denote by W^oj])- 

Therefore, the incoming factorized state |[A(w)]) ® 
comes out from the interaction region as a factor- 
ized coherent state because the interaction region acts as 
a frequency dependent beam splitter for the edge mag- 
netoplasmon and environmental mode^l. Consequently, 
tracing out the environmental degrees of freedom leads 
to a coherent state for the edge magnetoplasmon modes. 
This reduced state for the edge channel under consider- 
ation is of the form |[5bf,(w)A(a;)]). 

Therefore, the outcoming state is a pure (many-body) 
state generated by a distorted voltage pulse: T4ut(w) = 
S'bf,(w)yin(w). As a consequence, the effect of interactions 
on a pulse generated state can always corrected by ap- 
plying an appropriate correction to the voltage pulse^Zj. 
In the case of a periodic train of pulses, it also implies 
that the outcoming single electron coherence Q^}^_ can be 
computed using the Floquet approach presented in sec- 
tion EXS 

This result does indeed extend to non zero electronic 
temperature Td since then, the state generated by a clas- 
sical time dependent voltage drive is a displaced thermal 
state at temperature Tci and the environmental incom- 
ing state is the thermal equilibrium state at the temper- 
ature of the environment. As discussed in appendix [C] 
when both temperatures arc equal, the resulting outcom- 
ing state is factorized into two displaced thermal states at 
the common temperature. Moreover, their displacements 
are given by the classical scattering, exactly as in the zero 
temperature situation. Consequently, the outcoming sin- 
gle electron coherence can still be cornputed within the 
framework of Floquet scattering theory^li^ taking into ac- 
count the non zero temperature of the electronic reser- 
voirs. 

To summarize, we have shown that the effect of in- 
teractions on a periodic train of voltage pulses can be 



computed exactly by combining the bosonization treat- 
ment of interactions and the Floquet formalism. We shall 
now apply this method to discuss the case of the system 
of two coupled co-propagating edge channels realized at 
filling fraction v = 2. 

First, we shall consider the simplest model for this sys- 
tem which assumes short range inter channel Coulomb 
interactions and leads to perfect spin/charge separation 
which in turn induces an interesting stroboscopic revival 
of single electron coherence. However, in a real sample, 
screening may not be so efficient and therefore, we shall 
also consider the opposite limit of long range interactions 
over a distance I using the discrete element model origi- 
nally introduced by Bttiker and his collaborator^Slf u3\ 
Of course the method could be adapted to other models, 
phenomenological'*^ or more microscopic^^ that include 
dissipation of edge magnetoplasmon modes but for sim- 
plicity we will focus on the two aforementioned models. 

Finally, let us point out that the same approach could 
be used to discuss the effect of interactions in a system at 
filling fraction v = \. However, in such a system, interac- 
tion within the edge channel lead to electronic relaxation 
and decoherence if a nd on ly if they induce a frequency 
dependent time delajff^l^. This is the case as soon as we 
consider finite range interactions. This means that the 
edge magnetoplasmons of the u = 1 edge channel system 
are dispersive and consequently that the shape of voltage 
voltage pulses is altered. In fact, v ~ 2\fi the first integer 
filling fraction which can lead to non trivial interaction 
effects without edge magnetoplasmon dispersion. 



B. Stroboscopic coherence revivals 

In the case oi a. v = 2 edge channel system with short 
range screened Coulomb interactions, the plasmon scat- 
tering matrix associated with an interaction region of 
length / reflects the existence of two dispersionless mag- 
netoplasmon modes delocalized on both edges within the 
interaction region. It has the following fornP^J 



^iujl/vQ ^—iuj{l/v) {cos (^)(7^-{-sin {0)(7^ 



(21) 



where wq and v are two velocities and 9 is an angle encod- 
ing the interaction strentgh. Uncoupled channels corre- 
spond to 9 — Q whereas strongly coupled channels corre- 
spond to ^^ = 7r/2. In the latter case, the eigenmodes are 
the symmetric and antisymmetric linear combinations 
of the two channel magnetoplasmon mo des respectively 
called the charge and dipolar moded^'^. The magneto- 
plasmon eigenmodes velocities are v± = vov/(yo±v) and 
the charge mode is faster than the dipolar mode. Due to 
the absence of dispersion of these eigenmodes, each cur- 
rent pulse generated by the source splits into two pulses of 
the same shape and of respective weights (1 ± cos {9))/2: 



Vi.outit) 



1 + COS (9) 



V{t-l/v^ 



1 - COS (9) 



(22) 
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FIG. 3: (Color online) Modulus of the single electron coher- 
ence function in the frequency domain emitted by a periodic 
source of single electron pulses (a = 1) with rof — 0.01 as 
a function of ojto and n/ro in the presence of interactions 
at strong coupling {9 = tt/2) and for various propagation 
lengths: (a) l/lr = 0, (b) l/lr = 0.2, (c) l/lr = 0.5, (d) 
l/lr = 1, (e) l/lr = 1.2 and (f) l/lr = 1.5. 



The discrete element model 



To investigate the effect of long range interactions, we 
have used a discrete element approach to the two channel 
system. In this approach, pioneered by Biittiker and his 
collaborators^^'" ™^ , each copropagating edge channel j 
within the interacting region < x < I experiences a uni- 
form time dependent potential Uj(t). These potentials 
are related to the charges stored on each edge channel 
within the interacting region by a 2 x 2 capacitance ma- 
trix. This model is expected to describe the physics of 
the two channel system when interactions are unscreened 
and at low enough energy so that excitations sent into the 
interaction region do not feel the inhomogeneities of the 
electrostatic potential. 



As shown in appendix [D] the scattering matrix for the 
edge magnetoplasmons can be computed analytically by 
solving the equations of motions for the corresponding 
bosonic fields. As in the short range case, the scatter- 
ing reflects the existence of eigenmodes which are linear 
combinations of the two edge magnetoplasmon modes. 
In the present case, their mixing angle 9 is given by 



This is the fractionalization of a charge —ae pulse. In 
particular, at strong coupling (9 = 7r/2), we expect a 
single electron pulse to fractionalize into two Lorentzian 
pulses with a = 1/2 which can only be described in terms 
of collective electron/hole pair excitations. 



Note that, in the case of a periodic train of pulses, 
an interesting phenomenon occurs when the two pulses 
issued from consecutive pulses recombine. When I is an 
integer multiple of 1^ = wT/2, the original current pulse 
is restored with a half period shift. This phenomenon can 
be viewed as a stroboscopic revival of the original train 
of excitations. 

Figure [3] depicts the single electron coherence in the 
frequency domain at strong coupling (9 = 7r/2) and for 
increasing propagation lengths when a periodic train of 
single electron pulses is injected within one edge chan- 
nel. The stroboscopic revival is clearly visible as well as 
the appearance of hole excitations and of electron/hole 
coherences for propagation lengths between two revivals. 
Note the periodicity of the single electron coherence in 
I I + Ir which arises from the dispersionless character 
of the edge magnetoplasmon eigenmodes within the in- 
teraction region, as can be seen from the explicit form of 
the scattering matrix (21). 



exp (i6 



AC/2 + iC 



In section pV] we will present predictions for the excess 
noise and electron/hole pair production in the v — 2 
edge channel system and discuss the signature of this 
fractionalization phenomenon both in the case of short 
and long range interactions. 



AC 
4 



(23) 



where AC = Ci — C2 denotes the difference of the di- 
agonal terms of the capacitance matrix and C is the off 
diagonal term representing the interchannel capacitance. 
Strong couphng is realized as soon as C I^C*!- Long 
range interactions lead to dispersive propagation of these 
eigenmodes along a distance I. This has an important 
consequence for all voltage pulses: after some copropa- 
gation, their shape is not preserved. As we shall see now, 
this has important consequences on the observability of 
the fractionalization phenomenon in the 1/ = 2 quantum 
Hall edge channel. 



IV. PROBING FRACTIONALIZATION 
THROUGH HANBURY BROWN AND TWISS 
INTERFEROMETRY 



To study fractionalization in the j/ = 2 edge channel 
system, we consider the electron/hole pair production as 
a function of a and of the copropagation distance I which 
can be accessed via low frequency current noise mea- 
surements in the Hanbury Brown and Twiss geometry 
as explain in |II B 2[ As we shall see now, the dependence 
of electron/hole production in {a, I) contains clear sig- 
natures of fractionalization and also qualitative features 
enabling to distinguish between short and long range in- 
teractions. 
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A. Fractionalization in the v = 2 edge channel 
system 

1. Short range interactions 

For short range interactions, a Lorcntzian pulse of 
charge —ae sphts into two Lorentzian pulses of respec- 
tive charges — aecos^ and —aesm^{9/2). When the 
charges of these pulses are non integer such as for a ~ 1 
(single electron pulses), a non vanishing electron/hole 
pair production is expected at a generic distance {i.e. 
not a multiple of the revival distance Ir). 

Nevertheless, electron/hole pair production does van- 
ish when fractionalization leads to purely electronic 
pulses. For short range interactions, this is the case 
when acos^{9/2) and asin^{9/2) are both integers. 
This first implies that a is an integer and, conse- 
quently, that cos^ (9/2) is a rational number. Assum- 
ing that cos^ (^/2) = p/p' where p and p' are two mu- 
tually prime numbers, as soon as a is a multiple of 
p' , electron/hole pair production will vanish for any 
co-propagation length. These lines of vanishing elec- 
tron/hole pair production in the {a,l/lr) plane corre- 
spond to the fractionalization of the charge —ae in two 
integer charges and therefore we shall call them integer 
fractionalization lines. 

The density plot of figure |4] presents the excess noise 
for Lorentzian pulses at zero temperature in the (a, l/lr) 
plane at strong coupling {9 = tt/2) and for /tq = 0.01. It 
clearly shows that the a = 2 and a = 4 Lorentzian pulses 
are always fractionalized into purely electronic pulses for 
any 1/1^- We also see that when l/l^ is close to an inte- 
ger, the excess noise also decreases for a — 1 and a — 3. 
At a higher value of /tq, the same qualitative picture 
can still be observed but the peak values for the excess 
noise in units of e^f are lower, thus making it more dif- 
ficult to observe. This decrease, specific to Lorentzian 
pulses'*^, is indeed related to the Pauli exclusion prin- 
ciple and reflect the fact that when a increases from a 
positive integer n to n + 1/2, the 'half-electronic' exci- 
tation is added on top of a many-body state obtained 
by adding on top of the Fermi sea the n-particle state 
discussed in section |II A 1| on top of the Fermi surface. 
Single particle states just above the Fermi energy being 
more and more occupied with increasing n, the number 
of hole excitations generated decreases with n. Never- 
theless, observing this pattern of minimas for the excess 
noise in the (a, l/lr) plane would be a clear signature of 
fractionalization in the v — 2 edge channel system. Be- 
fore analyzing in more detail the effect of the pulse shape 
and temperature which are relevant for the experiments, 
let us discuss the position of these fractionalization lines. 

Integer fractionalization lines are determined by the 
interaction strength and therefore by the angle 9. Figure 
[5] represents the hole production computed at I — 1^/2 
as a function of 9 for a = 1 to a = 4 Lorentzian pulses. 
As expected, the a — 1 pulse never leads to a vanish- 
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FIG. 4: (Color online) Density plot representing the excess 
noise at zero temperature in the (a, l/lr) plane for Lorentzian 
pulses with fro = 0.01 in the presence of short range inter- 
actions in the strong coupling regime {9 = 7r/2). The integer 
fractionalization line at a = 2 and a = 4 are clearly visible 
as white vertical zones. Note also the excess noise minima 
(white spots) around {a, l/lr) = (1,^), (3, n) for n = 0, 1 and 
2. 

ing electron/hole pair production as soon as 6* 7^ 0. The 
a = 2 Lorentzian pulses lead to vanishing electron/hole 
production when it is split into two pulses of equal am- 
plitudes: this occurs at 9 — tt/2. For a = 3 Lorentzian 
pulse, splitting into charge 2 and 1 pulses occurs when 
cos (9) = ±1/3. The a — 4 case leads to a vanishing of 
electron/hole pair production for = 7r/3 corresponding 
to a splitting 4 = 3 + 1 of the charge, and 9 = tt/2 cor- 
responding to 4 — 2 + 2. These integer fractionalization 
lines are listed in table |l] for 2 < a < 4. Finding these 
lines gives a rough estimation of 9 as shown on figure [5] 
However, let us stress that finite frequency admittance 
measurement^^ give an independent and more precise 
determination of the angle 9. Combining these measure- 
ments would thus provide a consistency check of our edge 
magnetoplasmon scattering approach to relaxation and 
decoherence of pulse excitations. 

As can be seen from figure |4j increasing a does not 
improve the observability of fractionalization as could be 
expected from our previous worlP^l since local interac- 
tions split pulses into pulses of the same shape, we ex- 
pect the effect of interaction induced fractionalization to 
be lower at higher a for Lorentzian pulses. 



2. Finite range interactions 

Finite range interactions lead to the distortion of the 
injected pulses and therefore will affect the electron/hole 
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FIG. 5: (Color online) Electron/hole pair production in the 
presence of short range interactions, observed at / — lr/2 as 
a function of 9 for a = 1 to a = 4 Lorentzian pulses with 
fro — 0.1. The vanishing of excess noise for these various 
curves occurs at the angles listed in table |l] Note that excess 
noise decreases with increasing a. 



a 


e 


cos^ (61/2) 


sin^ (6»/2) 


1 





1 





2 


7r/2 


1/2 


1/2 


3 


arccos (1/3) 


2/3 


1/3 




arccos (—1/3) 


1/3 


2/3 


4 


7r/3 


3/4 


1/4 




7v/2 


2/4 


2/4 




27r/3 


1/4 


3/4 



TABLE I: Integer fractionalization lines for 2 < a < 4 
Lorentzian pulses. For each value of a, the values of d for 
which integer fractionalization of a pulses take place and the 
corresponding fractions are given. 



FIG. 6: (Color online) Electron/hole pair production in the 
presence of long and short range interactions at strong cou- 
pling, observed a.t I — lr/2 as a function of a for Lorentzian 
pulses with fro = 0.01. The dashed curve correspond to 
long range interactions and shows to minima at integer val- 
ues of a with non vanishing electron/hole pair production. 
The full line correspond to the non-interacting case obtained 
for l/lr = 0. 



excitations present within the system. But at finite tem- 
perature, this signature of long range interactions may 
not be so clear. 

For this reason, it is important to consider more real- 
istic situations taking into account the finite electronic 
temperature as well as the non ideahty of the pulses. In 
the forthcoming section, we will present numerical results 
for the excess noise taking into account finite tempera- 
ture for Lorentzian and rectangular pulses with realistic 
parameters. First we will discuss the observability of 
fractionalization induced by short range interactions and 
next, we will consider the case of long range interactions. 



pair production. A natural question is therefore to under- 
stand how finite range interactions will affect the simple 
physical picture discussed in the previous paragraph. Al- 
though the answer to this question is model dependent, 
the discrete element model provides an answer in the case 
of long range interactions between the two edge channels. 

Figure |6] presents the zero temperature excess noise 
^^(out) Lorentzian pulses in the non interacting case 
compared to the predictions for the short range interac- 
tion model and for the discrete element model. As ex- 
pected, we observe vanishings of the zero temperature 
excess noise for short range interactions whereas long 
range interactions leads to non vanishing minima. How- 
ever, this strong quantitative difference is specific to the 
zero temperature case where the excess noise exactly re- 
fiects the intrinsic electron/hole pair production of the 



B. Numerical results 



In this section, we present numerical results for the 
excess noise AS'J°;['*^ in units of e^/ obtained by applying 



the Floquet approach described in section III A 2 in the 
short range interaction model as well as in the discrete 
element model. Both are considered at strong coupling 
{9 — tt/2), as expected from recent experiments'''* 

We consider Lorentzian pulses with tq — 120 ps pulses 
at a 1.2 Ghz drive frequency which could be generated by 
state of the art arbitrary waveform generators (AWG). 
For rectangular pulses, we consider tq = 40 ps pulses 
since these can be generated with a single step by the 
AWG and therefore have the shortest available time step. 



In this case, e / 



10- 



-29 



A /Hz. Our numerical 



results show that a sensitivity of the order of a percent 
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of e^f is requested corresponding to a few 10"'^^ A^/Hz. 
Note that a 10~'^° A^/H z sensitivity has been reached in 
recent experiment d^^ l ^^ l 

Electronic temperatures T^i — 5, 10, 20 and 40 mK 
have been considered to analyze the effect of a tempera- 
ture, keeping in mind that only the last one corresponds 
to realist experimental conditions. Note also that for 
/ = 1.2 GHz and = 40 mK, we are not far from the 
transition to a classical behavior for the excess noise since 
ksTci/hf = 0.67. As shown beford^, the oscillations of 
the excess noise with a reflecting the electron/hole con- 
tent of the pulses can only be observed for ksT^x < hf 
which puts a rather strong constraint on the electronic 
temperature. 



1. Finite temperature 

The effect of a finite temperature on a periodic train 
of Lorentzian pulses in the presence of short range inter- 
actions are depicted on figure [7] where the excess noise is 
plotted as a function of a for the parameters given just 
above. It immediately shows that observing fractional- 
ization with Lorentzian pulses might be very difficult. 

For 120 ps pulses repeated at 1.2 GHz, observing the 
signature of fractionalization given by the position of ex- 
cess noise minima requires that < 5 mK or, in dimen- 
sionless terms, ksTci/hf < 1/12 at /tq = 0.144. Reach- 
ing /to — 0.1 and kBTe\/hf < 0.1 for an electronic tem- 
perature of 40 mK requires generating 10 ps Lorentzian 
pulses at a repetition rate of 10 GHz. In these conditions, 
the fractionalization signature on the positions of excess 
noise minima would appear very clearly. This could be 
achieved in the near future using optical method^. 
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FIG. 7: (Color online) Excess noise for Lorentzian pulses of 
width To — 120 ps at 1.2 GHz (/tq = 0.144) in the presence 
of short range interactions in the strong coupling regime, ob- 
served at l/lr integer (red dashed curves) and l/lr half-integer 
(red full curves) as a function of a for various temperatures: 
(a) Tci = 5 mK, (b) Td = 10 mK, (c) T^i = 20 mK and (d) 
Tci = 40 mK. For comparison, we have replotted the zero 
temperature results on each panel as dotted and dot-dashed 
black curves. 



electronic excitations, they indeed appear as good candi- 
dates to demonstrate fractionalization at the single pulse 
level with today's technology. 



2. Changing the waveform 

However, as can be noticed from figure [7| part of 
the difficulty arises from the fact that the difference be- 
tween the minimal and maximal values of excess noise for 
Lorentzian pulses at zero temperature is not very large 
and decays with a thus making the effect very fragile 
against thermal fiuctuations. Since this is not the case 
for rectangular pulses'*^ , a strategy for observing fraction- 
alization might be to consider a rectangular waveform. 

We have thus considered rectangular pulses for which, 
as mentioned before, shorter pulses could then be gen- 
erated by an AWG. Figure [8] corresponds tq = 40 ps 
pulses at the same 1.2 GHz driving frequency and for 
the same temperatures as in figure [Tj Interactions are 
assumed to be short range. As expected, the signal is 
stronger and more robust to the onset of the tempera- 
ture. Even at 20 mK, the position of the minima for the 
excess noise exhibit a clear signature of the fractional- 
ization of each a pulse into two a/2 pulses. Therefore, 
although rectangular pulses with integer a are not purely 



3. Long range interactions 

We now consider the case of long range interactions 
modeled using the discrete element model introduced in 
section |IV A 2| Figure |9] present the case of Lorentzian 
pulses in the presence of long range interactions with 
the same parameters as in figure [Tj Interaction parame- 
ters have been chosen as described in appendix |DJ we 
have considered the strong coupling regime 6 = ■k/2 
and at low frequencies, have estimated the charge ve- 
locity as u_ ~ 7.8 X 10^ ms^^ and the spin velocity as 
~ 4 X 10^ ms~^ which are compatible with known ex- 
pected values from time of fiight -^-^ and finite frequency 
admittanc^^ measurements. 

At the lowest temperature (graph (a)), the excess noise 
does not exhibit for a generic length a pronounced min- 
imum at a = 2 but instead starts decaying with very 
smooth local minima slightly above each integer value of 
a. Therefore, the signature of fractionalization discussed 
previously is absent as expected since dispersion strongly 
alters the shape of the pulses. This induces a much slower 
decay of the excess noise as a function of a ior I = lr/2 
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FIG. 8: (Color online) Excess noise for rectangular pulses of 
width To = 40 ps at 1.2 GHz (/tq = 0.048) in the presence 
of short range interactions in the strong coupling regime, ob- 
served at l/lr integer (red dashed curves) and l/l,- half-integer 
(red full curves) as a function of a for various temperatures: 
(a) Tel = 5 mK, (b) Td = 10 mK, (c) Tei = 20 mK and (d) 
Tel = 40 mK. For comparison, we have replotted the zero 
temperature results on each panel as dotted and dot-dashed 
black curves. 



FIG. 9: (Color online) Excess noise for Lorentzian pulses of 
width To = 40 ps at 1.2 GHz (/tq = 0.048) in the presence 
of long range interactions in the strong coupling regime, ob- 
served at l/lr integer (red dashed curves) and l/lr half-integer 
(red full curves) as a function of a for various temperatures; 
(a) Tci = 5 mK, (b) Td = 10 mK, (c) = 20 mK and (d) 
Tci = 40 mK. For comparison, we have replotted the zero 
temperature results on each panel as dotted and dot-dashed 
black curves. 



than in the case of short range interactions. This could 
be used as a clear signature of the long range character 
of interactions at very low temperatures. Note that at 
higher temperature (graphs (d): Tci = 40 mK), only a 
quantitative comparison between experimental data and 
theory would enable discriminating between various in- 
teraction models. 

Considering rectangular waveforms does not radically 
change the picture: at very low temperature, the differ- 
ence between short and long range interactions is very 
clear, this time even more qualitative since for short 
range interactions, minima of the excess noise in function 
of a occur for the three lowest temperatures considered 
(graph (a), (b) and (c) of figurejs]) whereas, in the case of 
long range interactions the excess noise increases rapidly 
with a (graph (a), (b), (c) and (d) of figure 



10). This 



is qualitatively and quantitatively different from predic- 
tions obtained from the short range model. 



V. CONCLUSION 

In a system of two copropagating edge channels, inter- 
actions lead to charge fractionalization. We propose to 
detect this phenomenon at the single excitation level by 
monitoring the electron/hole pair production of voltage 
pulses as a function of their charge. More precisely, elec- 



tron/hole pair production presents a minima each time 
an integer charge pulse is fractionalized into two pulses 
of integer charges. 

To discuss the observability of this phenomenon in 
realistic experiments, we have studied the excess noise 
coming out of and HBT interferometer fed by a pe- 
riodic train or Lorentzian or rectangular pulses. Al- 
though experimentally challenging, our study suggests 
that Lorentzian pulses of short enough durations could 
also be used to probe in detail the physics of fraction- 
alization: beyond the characterization of electron/hole 
pair production, current noise measurement in the Han- 
bury Brown and Twiss setup can be used to perform a 
lest a spectroscopj02!and, ultimately, a full tomographjED 
of fractional charge collective excitations. We have also 
shown that fractionalization of rectangular pulses could 
be observed with state of the art microwave waveform 
generators and that, for Lorentzian pulses, it might be 
within reach in the near future using optical techniques 
to generate periodic train of a few picosecond wide pulses 
at high repetition rates. 

We have also shown that fractionalization is very sen- 
sitive to the range of interaction which governs the dis- 
persion of edge magnetoplasmon eigenmodes: long range 
interactions might prevent observing fractionalization. 
Nevertheless, the dependence of the excess noise signal 
in the charge of the pulses and in the propagation length 
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Appendix A: Photo assisted transition amplitudes 

Here, we compute the photo-assisted transition ampli- 
tudes in presence of the periodic AG voltage Vac{t) for 
the Lorentzian and square pulses. 



1. Rectangular pulses 



FIG. 10; (Color online) Excess noise for rectangular pulses 
of width To — 120 ps at 1.2 GHz (/tq — 0.144) in the presence 
of long range interactions in the strong coupling regime, ob- 
served at l/lr integer (red dashed curves) and l/lr half-integer 
(red full curves) as a function of a for various temperatures; 
(a) Tci = 5 mK, (b) Td = 10 mK, (c) Tei = 20 mK and (d) 
Toi = 40 mK. For comparison, we have replotted the zero 
temperature results on each panel as dotted and dot-dashed 
black curves. 



gives information on the interaction range. Since our 
experimental setup could also be used to perform high 
frequency admittance measurements in the z/ = 2 edge 
channel systerrP^, it opens the way to "on chip" con- 
sistency checks of the edge magnetoplasmon scattering 
approach never realized before. 

These results argue for the development of experiments 
aimed at studying interaction induced electron/hole pair 
generation in the — 2 quantum Hall edge channel sys- 
tem. In particular, performing such experiments on sam- 
ples with side-gated copropagating edge channels as in 
recent experiments by F. Pierre et aS^as well as on sam- 
ples without gating might be a good way to access various 
interaction ranges. 

An important issue of great interest is the influence 
of edge smoothness on the electronic transport proper- 
ties of the edge channels. Several authorpHZSHZZI have 
predicted the appearance of several branches of neutral 
excitations at the edge of a 2DEG in the integer quan- 
tum Hall regime as well as dissipation for these all the 
gapless edge modes. But their existence has not been di- 
rectly demonstrated so far. Studying electron/hole pair 
production along propagation of voltage pulses and per- 
forming high frequency admittance measurements could 
help clarifying this issue and understand the dynamics of 
the all gapless modes living at the edge of the 2DEG in 
the integer quantum Hall regime. 



Let us consider square pulses of width tq < T, defined 
for |t| < T/2 by V{t) = -ah/ero for \t\ < to/2, V{t) = 
for \t\ > To/2. For a T-periodic train of such pulses, the 
Floquet amplitudes Ci{a, /tq) are given by: 



, r ^ I ^^; sin {-k{1 + a){l - fro)) 

Ci{ajTa) = (-1) 

tt{1 + a) 



fro 



sin (ira — n{l + a) fro) 
TTa — tt{1 + a) fro 



(Al) 



In the limit /tq 1, these amplitudes vanish reflecting 
the fact that the ac part of the voltage drive vanishes at 
/tq — 1. These amplitudes are also obtained as C; = 
C(27r/(; + a)) where 



Cioj) 



TTa 



2 . fojTo \ . fuT 

vrasmc na + sm 

ojT \ \ 2 J \ 2 

(A2) 

where sinc(a;) — sin(a;)/x. In the limit /tq ^ 1, the 
main contribution to the partition noise arises from the 
squared modulus of the first term in the r.h.s of ( A2 1. At 



zero temperature, the discrete sum (17) is a regularized 



expression for the integral expression for the noise 

, / ujTo — 27ra ' 



AS[°^'^ ~ TZTiaeff J 



smc 



d(jj 

M 



(A3) 



originally considered by Lee and LevitoxEH. As expected, 
this expression exhibits an IR logarithmic divergence 
when a is not an integer which is a signature of the 
orthogonality catastrophe associated with the fractional 
charge pulsed^. For a periodic train of pulse^^, this di- 
vergence is regularized by the period but manifests itself 
as a logarithmic divergence of the outcoming excess noise 
^^(out) ^j^g Hmit /tq 0. When a is integer, the log- 
arithmic divergence at w = is replaced by a peak. 



Note that the integrand in ( A3 ) always has a peak for 
behavior at large |aj|. 



wtq = 27ra and an 
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2. Lorentzian pulses 

The amplitude Ci{a,q) to absorb n photons can be 
computed as a contour integral (g = e~'^^^'^"): 



Ci{a,q) =9 z 



/ + Q-1 



1 — qz 



dz 
27ri 



(A4) 



When a is a positive integer, the integrand has a pole of 
order a for z = q and when I + a < another pole of 
order 1 — {I + a) aX z = 0. Since for I < —a the integral 
can be computed by closing the contour at infinity, this 
immediately shows that Ci{a,q) = for I < —a. In 
the general situation where a > is not an integer, the 
integrand presents a branch cut singularity connecting 
z = to z — q along the real axis and another one 
connecting z — l/qtoz — oo. 

For < a < 1, deforming the unit circle around the 
appropriate branch cut leads to expressions for the photo- 
assisted amplitudes in terms of hypergeometric functions. 
Expanding these functions in series of q^ and using the 
complement formula for the F function leads to new series 
expansions of Ci{a,q) in q in which the cancellation of 
Ci for Z + a < and a integer is manifest. For / + a > 



^T{k + l + a)q^+>^ {-qf 



k=0 

whereas for Z + a < 0, 



T{l + k + l) fc!F(l + a-fc) 



(A5) 



-|-oo 



Ci{a,q) = 



fc=0 



r{l + k + a) (-g)'+^ 

r{i + k + i) 



k\r{l + a~k) ■ 
(A6) 

When a is a positive integer, due to the F(l + a — k) at 
the denominator, the sum over k is truncated to fc < a. 
For the same reason, terms with k > —1 — I vanish when 
I < —1. Consequently Ci{a,q) is a polynomial in q for 
l + a>Q and C;(a, g) = for Z + a < 0. Note that for 
non integer a > 0, the vanishing of terms with fc > a + 1 
does not happen: both expressions are full series in q and 
therefore do not vanish. In the case of a high compacity 
source /tq ^ 1 or equivalently g — ?> and consequently, 
all C/(q;, q) vanish for Z ^ and Co(q!, g) — )• 1 as expected 
since in this limit the AC voltage vanishes. 



Appendix B: Electron and hole excitations 

The operators counting the number of electrons and 
holes excitations with respect to the Fermi level are de- 
fined by: 



+ 00 



(w) c{uj) duj 



(Bl) 
(B2) 



Their averages can then be obtained in terms of the single 
electron and single hole coherences: 

In an Hanbury Brown and Twiss experiment, the current 
noise in the outcoming arms contains a contribution of 
the current noises within each of the two incoming chan- 
nels denoted here by 1 and 2 and a contribution Q due 
to two particle interferenceJ^ 



Q(out) 

•^1.1 



TZTQ 



(B5) 



where TZ and T respectively denote the energy inde- 
pendent reflexion and transmission probabilities of the 
QPC used to partition the incident electron beams. The 
Hanbury Brown and Twiss contribution Q can be ex- 
pressed in terms of the overlap of single electron coher- 
ences within the two incoming channel^^ 



{evpf jig^^^g^^ + g[''^gi'^){t,t')dtdt' . 



(B6) 



Using the electron and hole coherences of the Fermi sea 
at zero temperature for g'^^'^\t,t') shows that Q = 

{{Ne) + {Nh)), thus showing that low frequency noise 
measurements lead to the measurement of the total num- 
ber of excitations at zero temperature. 

In the case of a voltage pulse, the single electron co- 
herence is given by ^ and in a similar way: 



gt\t'.t) 



2iTVF t-t' - iO+ 



(B7) 



where 



'it) 



■ /g V{t) dr. Substituting ^ and ( [BT] ) 



into (B6| leads to the following expression for the total 



number of excitations: 



(iVe + Nh) - hi{t- t')e*('^^(*)-'^v-(t')) dt' (B8) 



where the kernel K.{t — t') is given by 



1 



1 



1 



(27r)2 \{T + iQ+Y {T-iQ+f 



(B9) 



Minimizing this quantity is precisely the problem solved 
by Levitov, Lee and Lesovik in their 1996 papeil^S. 

In the case of a T-periodic source, this discussion must 
be adapted by considering a time average over a single 
period. Since experiments are performed at non zero 
temperature, the HBT contribution to the noise signals 
is altered by the anti bunching of electron and holes ex- 
citations emitted by the source and the thermal electron 
and hole excitations emitted from the second incoming 
channel. Here we are interested by the excess contri- 
bution due to the AC part Vac(i) of the drive voltage. 
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Denoting the chemical potential of the second incoming 
channel by 112 and its electronic temperature by Tei, the 
excess HBT contribution is given in terms of the excess 
single electron coherence generated by the AC drive: 



+00 



tanh 



27r 



(BIO) 

When /i2 = ^1 (here conveniently set to zero), equa- 
tion ( 16 ) can then be expressed in terms of the excess 



spectral density of electron and hole excitations ANf.{uj) 
and ANh{td) emitted per period by the source at energy 
fiw > 0: 



AQ 

e2/ 



+00 



tanh 



A{N, + Nh){uj)duj. (Bll) 



since these excess electron and hole per period spectral 
densities are related to the single electron coherence bjEJ 



AN,{oj) 
ANhioj) 



-^^AGlli^.). 



(B12) 
(B13) 



Appendix C: Finite temperatures and interactions 

At non zero temperature T^i, an Ohmic contact emits 
an equilibrium state which can equivalently be described 
both in terms of electrons and in terms of edge magneto- 
plasmon excitations. In the latter description, this state 
is the thermal state at temperature Toi of the bosonic 
excitations above the Fermi vacuum \Fi 



li+ahf , 



which is a 



vacuum state for the edge magnetoplasmon modes. 

This thermal state can also be understood as a Gaus- 
sian statistical mixture of edge magnetoplasmon coherent 
states |[(5A(a;)]). This Gaussian distribution is centered 
around the vacuum A(w) — for all w > 0. Its fluctua- 
tions 5h.(ijj)5A*{ijj') are then equal to the thermal average 
of the edge magnetoplasmon number {b^ {uj)b{uj')) in the 
thermal equilibrium state at temperature Tqi: 



SA{uj)6A* (w')t„ = ^(^ - uj')n{uj, T^i) (CI) 

where n(a;,Tei) denotes here the Bose-Einstein occupa- 
tion number i/(e'*"/'=B^rf - 1). 

As in quantum optics, applying a time dependent drive 
voltage to the Ohmic contact corresponds to applying a 
displacement operator to this thermal state. The result- 
ing displaced thermal state can then be described as a 
Gaussian statistical mixtures of edge magnetoplasmon 
coherent states around Ay given by eq. (20 1 and with 
fluctuations given by (CI I. 




then a tensor product of two coherent states character- 
ized by 



(C2) 



Decomposing the incoming coherent state parameters 
into their averages and their Gaussian fluctuations 

Aa"'' = Aa + SAa (fl = 1,2) shows that, for each out- 
coming chanel, we have a Gaussian statistical mixture of 
coherent states. The corresponding Gaussian distribu- 
tion of the complex parameters is centered around the 
classical outcoming parameters obtained by applying the 
edge magnetoplasmon scattering matrix onto the vector 
of incoming parameters (Aa)Q=i^2: this is nothing but the 
scattering for wave amplitudes by a frequency dependent 
beamsplitter in optics. The outcoming fluctuations in 
each channel are Gaussian but nevertheless do not corre- 
spond to any thermal equilibrium as noticed by Kovrizhin 
and Chalkei'^S]. The outcoming fluctuations are given by: 

(6l(c^)5a,(w')>i°"*^ = Sa,a'S{i0~iu')nout{i0) (C3) 

nout(^) = ^|5a,b(c^)P«(c^,rb) (C4) 

b 

where the c subscript stands for "connected" and Ti, de- 
notes the temperature of the incoming channel b. When 
all the incoming channels have the same temperature 
Toi, a thermal distribution is recovered due to the uni- 
tarity of the edge magnetoplasmon scattering matrix: 
EJ5,,,(a.)p = l. 



Appendix D: Magnetoplasmon scattering for long 
range interactions 

Let us denote by Qj{t) the charge stored within the 
interacting region of edge channel j. These charges are 
determined from the electrostatic potential Uj {t) seen by 
electrons propagating in edge channel j within the inter- 
acting region through a capacitance matrix: 




(Dl) 



Assuming both edge channels have the same Fermi veloc- 
ity vp, the dynamics of channel j is determined by the 
equation of motion 



h 



I{x)U,{t) (D2) 



To understand the action of the interaction region onto 
two such displaced thermal states, let us first consider 
two incoming coherent states from the statistical ensem- 
bles defining the two displaced thermal states. They are 
characterized by their infinite dimensional complex pa- 
rameters Aa"^ with a = 1 or 2. The outcoming states is in terms of the incoming and out coming bosonic fields. 



where f{x) = 1 for Q < x < I and zero otherwise. 
The strategy is then to go to the frequency domain and 
rewrite eqs. (Dl I and (D2 ) in terms of the incoming and 



outcoming bosonic field amplitudes and to eliminate the 
potentials Uj{Lo). More precisely, in order to rewrite (Dl ) 
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one has to use the relation between the electronic density 
within each edge channel and the corresponding bosonic 
field: : ipli^ji^) •= {(^x4>j){x)/\/T^- Because (Dl) involves 



the capacitance matrix, eliminating the potentials Uj{uj) 
is most conveniently performed after diagonalizing C with 
a rotation Ro = cos(6'/2)l - ism{e/2)ay. This finally 
leads to the scattering matrix: 



T+{lo,1) 
T-{u,l) 



Rg 



where the angle 9 is given by (AC = Ci — C2): 

AC/2 + iC 



exp (id 



Q2 



4 



(D3) 



(D4) 



and the phases 7±(w, X) have a non linear (dispersive) w 
dependence given by: 



_ iuil/vp 



iujRKC± + 1 - e-''^'/'^^ 
iujRKC± - 1 + e^'^'/i'F 



(D5) 



where the eigenvalues of the capacitance matrix are 



C+ = 



(D6) 



The exponential e^^^l^f in the r.h.s. of (|D5|) represents 



the effect of free propagation and the other part contains 
the effect of the capacitances. Note that the free propa- 
gation limit is obtained for infinite capacitances C±. At 
low frequencies, the plasmon eigenmodes become disper- 
sionless: 7'±{(jJ,1) — e^^^l'"^ where the velocities v± are 
given by 



RkC± 



(D7) 



Capacitances being proportional to Z, the velocities v± 
are independent from I: v± = vp ^ {RKdiC±)^^ . There- 
fore, in the infrared regime, the plasmon scattering ma- 
trix is of the form (21). An explicit check shows that 



the admittance matrix satisfies charge conservation and 
gauge invariance if and only if the capacitance matrix 
satisfies the same condition. In such a case, each edge 
channel is totally screened by the other one within the 
interaction region. 

It is interesting to evaluate the order of magnitudes of 
the various capacitances. We consider each edge channel 
as a quasi ID conductor of length / very large compared 



to its transverse dimensions w as well as to the distance 
d between the two conductors. Then, the capacitances 
are of the form 



~r 



(D8) 



where Sr denotes the relative permittivity of the material 
and Fij{w, d) is a dimensionless function of w and d that 
depends on the geometry. The dimensionless ratios of the 
RC times to the time of flight l/vp are then given by: 



VpRxCi. 
I 



Vp 



47ra, 



qcd 



Fij{w,d) 



(D9) 



where aqod denotes the fine structure constant. Using 
tii? ~ 3 X 10^ ms~^ and Sr — 10 for AsGa, one gets a 
numerical prefactor vpSr /4,Trcaqcd — 0.4. 

Let us now consider the case where Ci = C2 so that 
6 — Tr/2. The model then only depends on the diago- 
nal capacitances Cd and the mutual capacitance between 
the two channels C. If we furthermore assume that per- 
fect screening is closed to be achieved, Cd and C are 
close together. Introducing C± = Cd± C, we s ee that 
C_ <C C+ and therefore the two velocities (D7| satisfy 
v+ <^ V-. Note that here v- is the velocity of the sym- 
metric (charge) mode whereas is the velocity of the 
antisymmetric (dipolar) mode which, as in the case of 
short range interactions, is the slowest one. For example 
using (D9) and Fn = F22 — 1, we find vpRkC+/1 ~ 0.8 
leading to v+/vp ~ 1.25. Consequently, the slowest ve- 
locity is of the order of w+ ~ 4 x 10^ ms~^. Assuming 
Cd - C ~ 0.05 X {Cd + C), we have v^/vp ~ 26 thus 
leading to V- ~ 7.8 x 10^ ms~^, a value of the same or- 
der of magnitude than the experimentally measured edge 
magnet oplasmon velocities in ungated samples at filling 
fraction v = i^. 



The numerical computations in section IV B are per- 
formed using the following expression for the scatter- 
ing phase in terms of the dimensionless parameter x — 
ujl/vp: 



1 + ia±xe^' 



- 1 



ia±x 



(DIG) 



where a± — RkC±vp/1 — vpRKdiC±. Note that this 
expression is clearly not periodic in x x + 1 whereas 
it is equal to one whenever x is an integer. Under the 
hypothesis Ci = C2 and very good screening, Q!_ ^ a+. 
Using the above numerical estimations: a+ ~ 0.8 and 
a_ ~ 0.04. 
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